Introduction
Andrographis paniculata Nees belonging to the Acanthaceae family is an erect herb well known in Asia. It occurs widely in the plains of India, Sri Lanka, Mainland China and Taiwan (1) . Genus Andrographis comprises 40 species and several members of this group find applications in traditional systems of medicine (2) . A. paniculata, commonly known as Kalmegh, has been used widely in India for the treatment of hepatitis and is one of the most widely used plants in Ayurvedic formulations. It is a predominant constituent of at least 26 Ayurvedic formulations used to treat liver disorders (3, 4) . It is also considered to be a latent heat clearing, antipyretic, detoxicant, anti-inflammatory, detumescent, febrifugal, antiphlogistic and analgesic agent for the treatment of acute infections of the gastrointestinal tract, respiratory organs and urinary systems (5, 6) . Diterpenoids, flavonoids and polyphenols are the major constituents of A. paniculata. It is a rich source of 2 0 -oxygenated flavonoids and labdane-type diterpenoids (7) (8) (9) . The active components of A. paniculata are very bitter diterpene lactones known as andrographolides (APs) (10) . Rao et al. (2) reported 23 compounds including 21 known compounds as well as two new flavonoids from the whole plant of A. paniculata. However, among the single compounds extracted from A. paniculata, AP (AP1; Figure 1A ) is the major one in terms of bioactive properties and abundance. AP1 is abundant in leaves (0.82 -6.02%) (11) , and it exhibits multiple pharmacological properties such as anti-inflammatory, immunostimulatory, antiviral, antimicrobial, anti-platelet aggregation and hepatoprotective (12) . Neoandrographolide (AP2; Figure 1B ) is another principal diterpene lactone isolated from the leaves of A. paniculata. AP2 has been shown to possess antiinflammatory, anti-infective and antihepatoxic activities (13) . Among the less abundant compounds from A. paniculata, andrograpanin (AP3, Figure 1C ) is both anti-inflammatory and anti-infective (14, 15) .
Extraction is the first crucial step in preparation of plant formulations. Selection of a suitable extraction technique is also important for the standardization of herbal products as it is utilized in the removal of desirable soluble constituents, leaving out those not required with the aid of the solvents. Further, selection of a suitable extraction process and optimization of various parameters are critical for the scaling-up purpose, i.e., from bench scale to pilot plant level. Various extraction techniques most commonly used include conventional techniques such as maceration, percolation, infusion, decoction and hot continuous extraction. Alternative methods like ultrasound-assisted solvent extraction (UASE), microwave-assisted solvent extraction (MASE) and supercritical fluid extractions (SFEs) have gained increasing interest during the last three decades (16) . Use of green extraction techniques such as UASE (17, 18) , MASE (19, 20) and SFE (21) has been rapidly and continuously increasing globally for phytochemical processing of medicinal plants as these techniques are fast when compared with traditional methods. Also, these techniques are environment-friendly in terms of solvent and energy consumption. Yield is also comparable with conventional extractions and in some cases it is even higher. Although UASE and MASE extraction of API from A. paniculata were reported, there is no report of use of UASE, MASE and SFE extraction optimization of AP1, AP2 and AP3 from A. paniculata (22) . The objectives of this work were (i) to study the effect of different techniques on the extraction of APs from A. paniculata, (ii) to develop a validated method to quantitatively describe the extraction phenomena and (iii) to apply the validated method for quantitative determination of diterpenoids in different extracts of A. paniculata.
Experimental
Plant material and chemicals Herbage (10 kg) from a 100-day-old crop of A. paniculata was collected from the research farm of the Directorate of Medicinal and Aromatic Plants Research, Boriavi, Anand, Gujarat, India in the year 2012-2013 and air dried in shade. High-performance liquid chromatography (HPLC) grade, solvents, methanol and acetonitrile, were purchased from Merck, Mumbai, India. Deionized water used throughout the experiment was prepared using a Millipore water purification system (Millipore, gradient: 0.22 mm). Food-grade carbon dioxide was obtained from M/S Santram Gases, Anand, Gujarat, India. Standard AP1 was kindly provided by Dr. N.A. Gajbhiye, DMAPR, Anand, India, and AP2 and AP3 were purchased from M/S Natural Remedies, Bangalore, India.
Apparatus and chromatographic conditions
A sonicator (Bandelin Sonorex, Germany, 480 W, 35 kHz) and a microwave apparatus (LG Electronics, India, Model MG-556 P, 1350 W, 2450 MH Z ) was used for extraction. The supercritical fluid extractor (Model: SFE-5000 M1-2 FMC 50 system, Thar, Milford, MA, USA) consisted of a 1 -L extraction vessel, highpressure pumps (P-50A, P-200A), a recycler and a chiller (Accel 500 LC, Thermo scientific, USA) units. The HPLC system for chromatographic analysis consisted of a separation module (Waters 600E) equipped with Empower software (Waters) and comprising a quaternary pump, in-line vacuum degasser and photodiode array detector (Waters 2996). The chromatographic separation was carried out in an isocratic elution mode on an RP-18 column (250 Â 4 mm, 5 mm Merck, Mumbai, India).
Solid-liquid extractions
Twenty grams of powdered plant material were taken from the bulk powder samples of A. paniculata. To ensure the uniformity of the sample, it was extracted with different solvents: methanol, water, 5% methanol-water and 10% methanol-water separately using cold and hot extractions. Briefly, in cold extraction, the sample was mixed with solvents separately in the ratio of 1:20 in round bottom flasks overnight at room temperature. The supernatant obtained was filtered through vacuum filtration and concentrated at 408C under reduced pressure. Similarly, in hot extraction, samples were extracted in a soxhlet apparatus on a water bath for 5 h, cooled, filtered and made concentrated.
UASE was carried out in a beaker containing sample and solvent using an ultrasound bath for 40 min. Water in the ultrasound bath was circulated at room temperature (258C) to avoid overheating caused by ultrasound. The supernatant obtained was similarly processed as described earlier. For MASE, sample was mixed with solvent in pyrex beakers and extraction was carried out by placing the beakers in the middle of the oven over a rotating disk and exposed to microwave radiation for 5 min at a power level of 20%. At the end of heating, the beaker was left for temperature stabilization. The supernatants was re-centrifuged and made concentrated as described earlier.
Supercritical fluid extraction SFE was carried out using pilot scale equipment with a 1-L extraction vessel. Operating parameters such as automated back pressure, carbon dioxide flow, modifier composition, extraction time and the temperature of the extraction vessel were optimized using SuperChrom SFC suit v5.9 software. After reaching desired values, SC CO 2 was passed through an extraction vessel; this was counted as the start of the extraction cycle. After extraction, the extract was collected with a collection vessel that was kept in a cyclone heater to separate SC CO 2 from the extract and modifier and concentrated. Dried extract samples were kept in an airtight container at 48C. Stock solutions (1 mg/mL) were prepared by dissolving extract in methanol, filtered through a 0.45-mm membrane filter and stored at 48C.
HPLC analysis
The HPLC separation was carried out in an isocratic elution mode on an RP-18 column (250 Â 4 mm, 5 mm Merck, Mumbai, India). The mobile phase was a mixture of solvents: acetonitrile (15%, solvent A) and methanol-water, 60:40 (85%, solvent B). The solvent flow rate was 0.6 mL/min and the injection volume was 20 mL. The column temperature was 258C. The photodiode array detector wavelength was set at 210 nm for the identification and quantification of AP1, AP2 and AP3 in different extracts of A. paniculata. Chromatographic peaks were identified on the basis of retention time. Concentrations of AP1, AP2 and AP3 in extract samples were calculated by comparing the integrated peak areas of the individual compounds with that of a standard curve prepared from the corresponding standards.
Calibration curves of AP1, AP2 and AP3 Calibration curves for AP1 (10-200 mg/mL), AP2 (10-100 mg/mL) and AP3 (5 -100 mg/mL) were prepared by injecting the different concentrations of standard samples, recording their peak areas and plotting peak areas obtained vs concentration.
Accuracy and precision
The precision of the method was determined with the standard solution of AP1, AP2 and AP3. System repeatability was determined by six replicate injections of a sample solution at the analytical concentration. The repeatability of sample application and measurement of the peak area were expressed in terms of relative standard deviation (% RSD). The experiment was repeated three times on the same day and additionally on three consecutive days at three different concentration levels: 20, 60, 100 mg/mL for AP1; 10, 40, 80 mg/mL for AP2; and 10, 40, 80 mg/mL for AP3, to determine intra-and interday precision.
Results
Plants have been a highly productive source of leads for drug discovery. Technological advances in screening and separation are the driving force for revival of new drug discovery efforts. Bioactive molecules often exist at low concentration and are also inundated by complex matrices in plant samples. Therefore, an extraction technique that is able to obtain extracts with high yield and with minimal changes to the functional properties of the extract is required. In choosing a solvent for extraction, its ability to extract components of a solute has to be considered. The more efficient the extraction step, the greater is the range of compounds present in an extract. Recently, alternative methods like UASE, MASE and SFE have gained increasing acceptance. Use of green extraction techniques such as UASE, MASE and SFE has been rapidly and continuously increasing globally for phytochemical processing of medicinal plants as these techniques are faster when compared with traditional methods. Also, those techniques are environmentl friendly in terms of solvents and energy consumption. Yield is also comparable with conventional extraction and in some cases it is even higher. In several studies, it has also been reported that extract yield as well as the bioactivities of the extract prepared using different extraction methods vary. Selection of the extraction method as well as the solvent based on sample matrix properties, chemical properties of the analytes, matrix -analyte interaction and efficiency is optimized since the biological activities of extracts prepared using different extraction techniques varies.
Comparison of extraction methods
Extraction quality in terms of AP1, AP2 and AP3 concentration as well as yield have been described in Figure 2 and 3 respectively. Extraction yield obtained was higher in hydroalcoholic extracts when compared with methanolic and water extracts. The extraction yield with methanol as solvent varied in the following order: maceration (188.8 mg/g), MASE (174.6 mg/g), Soxhlet (150 mg/g) and UASE (80.1 mg/g). For water as extraction medium, the extraction yield was: Soxhlet (206.8 mg/g), MASE (185.5 mg/g), UASE (176 mg/g) and maceration (173.8 mg/g). MASE (239.4 mg/g) had highest extraction yield followed by UASE (233.3 mg/g), Soxhlet (214.9 mg/g) and maceration (213.8) when 5% methanol was used as the extraction medium.
Similarly, for 10% methanol, the extraction yield varied in the following order: MASE (244 mg/g), Soxhlet (234.6 mg/g), UASE (232.5 mg/g) and maceration (206.7 mg/g). However, in terms of selective extraction of diterpenoids, methanol proved to be an effective solvent in solid -liquid extraction methods (Figure 4A-D) . For methanol, AP1 and AP2 contents are described in Figure 4A , and it varied in the following order: Soxhlet (66.95, 33.42 mg/g), maceration (61.15, 23.11 mg/g), UASE (45.04, 3.1 mg/g) and MASE (14.54, 6.62 mg/g). In the extract prepared with water as the extraction medium, AP1 content was 30. 88 mg/g and AP2 was not detected. AP1 was also not detected in the water extract prepared using Soxhlet; however, it contained 5.08 mg/g of AP2. AP1 and AP2 contents in the water extract prepared using UASE and MASE were 13.35, 5.47 and 17.48, 4.57 mg/g, respectively ( Figure 4B ). AP1 content was 12.35 mg/g in a 5% methanol extract but AP2 was not detected. Similarly, for Soxhlet, UASE and MASE extracts prepared using 5% methanol, AP1 and AP2 concentrations were 10.35 and 8.16; 18.31 and 11.24; and 15.46 and 3.55 mg/g, respectively ( Figure 4C ).
The extract prepared using 10% methanol with maceration contained 9.76 mg/g of AP1, whereas the Soxhlet, UASE and MASE extracts contained 11.05 and 9.30; 21.51 and 10.31; and 18.96 and 6.17 mg/g of AP1 and AP2, respectively.
The developed HPLC method was applied for the determination of AP1, AP2 and AP3 in the different extracts of A. paniculata. A peak corresponding to the retention time of AP3 ( Figure 2B ) was observed in the water extract prepared using cold percolation, but it could not get quantified as it was below the quantification limit. In other extracts, peaks of AP3 were not detected. It is worth mentioning that a peak of AP1 was not observed in the hot water extract ( Figure 2C ). To establish the probable reasons for this observation, standard AP1 was dissolved in water to get a concentration of 200 mg/mL. The resulting solution was continuously refluxed for 5 h and samples were taken out at 1 h intervals. An HPLC chromatogram (not shown) of the concentrated samples collected from 0 to 5 h revealed that AP1 was quite stable as no degradation peaks were observed. However, the solubility of AP1 increased from 3.97% (at t ¼ 0 min) to 57.63% (at t ¼ 300 min). These observations might be due to the very low solubility of AP1 in water and its high solubility in methanol.
In SFE, the influence of pressure, different modifiers, temperature and dynamic extraction time on extraction efficiency was studied. We used different concentrations of modifier (methanol) to increase the polarity of supercritical carbon dioxide, and it was observed that methanol (14%) in combination with SFE-CO 2 provided best results in terms of selectivity of extraction. Considering the effect of temperature on the solubility of solid compounds, a decrease in yield was observed with a rise in temperature from 60 to 808C. The highest extraction yield was obtained at 608C; this might be attributed to a decrease in solvent density leading to a decrease in the solvating power of supercritical carbon dioxide ( Figure 5A ). It is noticeable that by increasing the extraction time from 60 to 300 min, total extractive yield is also significantly increased ( Figure 5B ), but the maximum yield of diterpenoids were obtained at 180 min. Furthermore, pressure had a dominant effect on solute-fluid interaction (data not shown). In this study, pressure was manipulated from 100 to 250 bar. Taking all the results into consideration, within the ranges of parameters studied, a pressure of 100 bar was selected for the optimal extraction.
Extraction of Three Bioactive Diterpenoids 1045
The solid -liquid extraction methods resulted in extraction of diterpenoids in the range of 9.76 -66.95 and 3.55 -33.42 mg/g for AP and neoandrographolide, respectively, which is far lower than the SFE yield (131.82 mg/g) for AP. However, for neoandrographolide, former techniques were more effective than SFE (21.75 mg/g). But, on the basis of selectivity of extraction, consumption of organic solvents and extraction time, SFE was found to be a more efficient technique. This could be attributed to the action of SC CO 2 , which produces cell disruption leading to a greater contact area between the solid and liquid phases and better access of solvent to valuable components Optimization of HPLC method Attempts were made to separate AP1, AP2 and AP3 in a mixed standard using the reverse-phase C 18 column with several elution systems. It was observed that the resolution of peaks was unsatisfactory when a mixture of methanol and water was used as a mobile phase. Several modifiers such as o-phosphoric acid, acetic acid and formic acid, one at a time with the mobile phase were also used for optimization of chromatographic separation. The results suggested that the mobile phase consisting of acetonitrile (15%; solvent A) and methanol -water in the ratio of 60:40 (85%; solvent B) in an isocratic elution mode with a flow rate 0.6 mL/min was ideal for chromatographic separation of AP1, AP2 and AP3. Therefore, this mobile phase composition A:B (15: 85) was selected for the method development. Under the optimized conditions, three standards were well resolved with relatively high sensitivity at a mean retention time of 5.41, 8.53 and 16.67 min for AP1, AP2 and AP3, respectively, when absorption was measured at 210 nm (Table I) . At this wavelength, the best resolution between peaks and baseline was achieved and no interfering peaks were observed in the blank samples. The total run time was 25 min to ensure any late eluting peaks. The representative chromatograms of standard solutions (1,000 mg/mL) AP1, AP2 and AP3 as well as extracts of A. paniculata at a wavelength of 210 nm have been shown in Figure 2 . In extract samples after the peak of AP2, one additional peak was also observed. To confirm the identity of AP2, extracts samples were spiked with standard solution of AP2; increase in peak height corresponding to a retention time of 8.53 min confirmed the peak of AP2.
Limit of detection, limit of quantification and linearity
Under the chromatographic conditions employed in the present study, limit of detection (LOD) (S/N ¼ 3) and limit of quantification (LOQ) (S/N ¼ 10) were determined by following ICH guidelines (ICH-Q2 R1). LOD was found to be 5.0, 5.0 and 2.0 mg/mL for AP1, AP2 and AP3, respectively. The LOQ was found to be 10.0, 10.0 and 5 mg/mL for AP1, AP2 and AP3, respectively. Calibration curves were constructed as a function of the concentrations of standard analytes (X) vs their peak area (Y). Calibration curves were linear over a large concentration range: 10 -200, 10 -100 and 5 -100 mg/mL for AP1, AP2 and AP3, respectively (Table I) .
Precision, accuracy and specificity Repeatability of the developed HPLC method was evaluated at three different concentrations and the results of the intra-and interday precision experiments are described in Table II . The developed method was found to be precise as the RSD values for repeatability of intra-and interday precision studies were found to be low. Analytical recovery was performed by analyzing the analytes by spiking with the three standards in blank extract (mobile phase) and in extracts of A. paniculata. The overall recovery percentages were in the range of 103 -118, 82-93 and 87-104% for AP1, AP2 and AP3, respectively (Table III) . Chromatograms indicated that the method was specific for determination of AP1, AP2 and AP3 as the peak purity values established that peaks are pure and had no co-eluting peaks.
System suitability, peak purity and robustness The HPLC method was also validated for its system suitability. Table IV describes the system suitability parameters for AP1, AP2 and AP3 and these results demonstrated that the method is suitable for determining these three compounds in A. paniculata extracts. To test the robustness of the HPLC method, chromatographic conditions that may affect the performance of the method such as flow rate, organic content in mobile phase, wavelength of detection were deliberately changed. Also, the robustness of the developed HPLC method was verified on another HPLC system (Shimazdu SPD-10 A). A very low value (,4%) of overall RSD (%) between the data at each variable condition indicated the robustness of the developed HPLC method.
Discussion
Extraction yield and concentration of the bioactive phytochemicals in the extract are considered as indicators of the effect of extraction parameters. Andrographis species are noted for profuse production of AP diterpenoids. Andrographolides AP1 and AP2 were identified and quantified in different extracts; however, AP3 could get quantified. It may be presumed that the content of AP varied depending on the origin of the plant. This is the first report of the HPLC method for simultaneous determination of three APs: AP1, AP2 and AP3; however, earlier reported HPLC methods are for AP1, AP2 and deoxyandrographolide-19-b-D-glucose.
Conclusion
The SFE technique has significant advantages over conventional solid -liquid extraction methods in terms of reduction in organic solvent consumption and in minimizing sample degradation. It also resulted in the elimination of undesirable and insoluble components from the extract. SFE can give good extractions in quite short times. Further, the developed HPLC method could find applications for bioprospecting of other Andrographis species available in India, for quality control of herbal formulations containing the above three molecules and also for pharmacokinetic studies of related extracts and drugs. 
